The success of semen cryopreservation depends on sperm membrane integrity and function after thawing. Cholesterolloaded cyclodextrin (CLC) is used for in vitro incorporation of cholesterol to protect cells against cold temperatures. We hypothesized that CLC treatment also enhances sperm cholesterol content to increase tolerance to osmotic shock and cryoresistance, thereby improving fertility. We confirmed the fact that treatment of goat semen with 3 mg/ml CLC increases sperm cholesterol content using both the Liebermann-Burchard approach and filipin III labeling of membrane cholesterol. Sperm were then treated with or without CLC and cryopreserved. After thawing, sperm cholesterol dramatically fell, even in the presence of CLC, which explains the mechanism of cryocapacitation. CLC treatment, however, maintained a normal prefreeze cholesterol level in sperm after cryopreservation. Furthermore, fresh sperm treated with CLC and subjected to either cold shock or incubated in hypo-, iso-, and hyperosmotic media, designed to mimic stresses associated with freezing/ thawing, displayed increased temperature and osmotic tolerance. CLC treatment also improved sperm viability, motility, and acrosome integrity after thawing. Furthermore, CLC treatment did not affect the sperm's ability to undergo in vitro capacitation according to chlortetracycline fluorescence and protein tyrosine phosphorylation. A pilot field trial demonstrated that artificial insemination with sperm that underwent increased cholesterol levels following CLC treatment yielded higher fertility (P , 0.1) and proliferation (P , 0.05) rates in vivo than untreated semen from the same ejaculate samples. These observations suggest that CLC treatment could be used to improve cryoprotection during the freezing and thawing of goat sperm.
INTRODUCTION
The success of semen cryopreservation resides mainly in maintaining sperm membrane integrity and function after thawing. The freezing-thawing processes involve high temperature variations, formation of intracellular ice crystals, and dramatic shifts in osmolality, which cause cell damage and loss of sperm function [1] [2] [3] [4] [5] . Recent studies have demonstrated that it is plasma membrane dysfunction and not intracellular ice crystal formation that is likely the major source of sperm cryodamage [6, 7] . During the process of cryopreservation, sperm membranes are exposed to mechanical, thermal, and chemical stresses mainly during cooling to the freezing point [8, 9] . As sperm are cooled, membrane phospholipids undergo phase transitions [10] , transforming from a liquid crystalline phase characterized by high rotational and lateral mobility of lipids, to a crystal gel phase in which lipid mobility is restricted. Cholesterol is reported to render the membrane more fluid at low temperatures and decrease its sensitivity to chilling injury [11] , and sperm membrane cholesterol:phospholipid (C:P) ratios differ among mammalian species; for example, human C:P ratio is 0.99; rabbit is 0.88; goat is 0.59; rat is 0.55; bull is 0.45; ram is 0.37; and boar is 0.35 [12, 13] , which may explain species differences in resistance to cryopreservationinduced damages. Indeed, human sperm are quite resistant to cold shock, and an abrupt lipid phase transition was not detected due to their high cholesterol proportion [14] . In contrast, porcine sperm, which have a very low C:P ratio, are notoriously sensitive to cooling [15] .
Being a lipid, cholesterol is insoluble in an aqueous medium, including many semen extenders. Cholesterol can be incorporated, however, into sperm membranes by using cyclodextrins, which are cyclic oligosaccharides that can solubilize hydrophobic molecules, such as cholesterol, and then transfer them into the plasma membrane [16] . Although numerous recent studies have demonstrated that cholesterolloaded cyclodextrin (CLC) can improve post-thaw survival of many species' sperm, including bull [16, 17] , stallion [18] , goat [19] , and ram [5, 20] , subsequent fertility parameters have been disappointing [17, [21] [22] [23] . Moreover, understanding the mechanism of how CLC increases sperm cryoresistance, which has not yet been established, could help to explain the relatively weak impact of this treatment on the fertilizing ability of thawed sperm. Ironically, to fertilize the egg, the sperm membrane must undergo cholesterol efflux during 
Preparation of Skim Milk-Based Extender Fractions
The skim milk-based semen extender used for cryopreservation was prepared by combining 25 g of commercial skim milk powder and 0.25 g of D- glucose in 250 ml of ultrapure water (Milli-Q water; Millipore, Billerica, MA). After being heated at 958C for 10 min, the solution was stirred gently at room temperature for 30 min, and 0.03 mg/ml penicillin G sodium salt and 0.05 mg/ ml streptomycin sulfate were then added. The extender was split into two fractions, one of which was glycerolated by the addition of glycerol to a concentration of 14% (v:v).
Animals
Six healthy Alpine male goats between 2 and 4 years of age and of known fertility were housed individually at the Centre de Recherche en Sciences Animales de Deschambault (Deschambault, QC, Canada). Bucks were subjected to an alternating photoperiod of 6-week-long days (16L:8D) and 6 weeks of short days (8L:16D) as proposed by Delgadillo et al. [32] to maintain the quality of sperm production over both long and short days. Four females in estrus were used to enhance male libido during semen collection. Estrus was induced by an injection of 0.2 ml (USP 1 mg/ml) estradiol cypionate 2 days before semen collection. Goats were fed hay and water ad libitum and a daily complement of 500 g of concentrated feed per male.
Before starting the study, all protocols were authorized by the institutional animal care committees according to the guidelines of the Canadian Council on Animal Care [33] .
Semen Collection
Semen was collected from each male twice per week using an artificial vagina fitted with a calibrated Falcon tube prewarmed to 378C in a water bath. The volume of semen was evaluated, and the ejaculate was directly placed in a 378C water bath until processing. Sperm concentrations were determined using a spectrophotometer calibrated for goat sperm after semen was diluted 1:400 (v:v) with a citrate sodium solution (0.9%; w:v). Ten microliters of fresh semen was placed on a slide to evaluate gross motility, using a photonic microscope (310 magnification; using a scale of 0-5, where 0 ¼ no motion to 5 ¼ stormy movements). Then, semen was diluted to 500 3 10 6 sperm/ml in a prewarmed (378C) buffer (10.54 mM glucose, 130 mM NaCl, 5.1 mM KCl, 9.86 mM Na 2 HPO 4 , 1.33 mM MgSO 4 , 0.95 mM CaCl 2 , 1.47 mM KH 2 PO 4 , pH 7.4, 290 mOsm) and centrifuged twice to remove seminal plasma (500 3 g for 15 min), discarding supernatants and resuspending in the same buffer after the first centrifugation. The resulting sperm pellet was resuspended to 1 3 10 9 sperm/ml in either phosphate-buffered saline (PBS; Sigma-Aldrich) or skim milk-based extender, according to the experiment.
Semen Cryopreservation
Semen diluted in skim milk-based extender was transported to the laboratory in an cooler that progressively decreased the temperature to 58C in 1 h. After manipulation in a 58C cold room, the extended semen was further diluted 1:1 with the precooled glycerolated skim milk-based extender fraction, which was added in thirds every 10 min (7% final glycerol concentration). Sperm were equilibrated for 90 min prior to packaging into 0.25-ml straws (IMV Technologies) to a final concentration of 125 3 10 6 sperm/straw. Straws were frozen in liquid nitrogen vapor using a floating freezing rack (Minitube) at 3 cm above the liquid nitrogen, using the freezing curve: from 5 to 08C for 3 min, 0 to À1508C for 3 min, and À150 to À1968C for 14 min, according to the manufacturer's instructions. Straws were stored in liquid nitrogen until being thawed in water at 378C for 30 sec prior to use.
Semen Quality Analyses
Prior to analysis, sperm samples were incubated for 15 min in a 5% CO 2 incubator at 38.58C (Sanyo North America Corp) after adjusting each sample concentration to 50 3 10 6 sperm/ml with PBS at 378C. Sperm motility was accessed using 10 ll of sample placed on a chambered slide (MicroCell; Vitrolife) prewarmed to 378C on a thermal plate connected to the microscope. Each sample was analyzed before freezing, over a period of 3 h after thawing. Percentages of motile sperm were determined by computer-assisted sperm analysis (CASA; Ceros analyzer with software version 12-f; Hamilton Thorne Research). CASA was adjusted to operate at 30 video frames per second (60 Hz) with settings of minimum particle size of 7 lm and minimum contrast at 60. Sperm were defined as nonmotile when the average path velocity was less than 21.9 lm/sec. Sperm were considered progressively motile when average path velocity was .75 lm/sec and straightness index was .80%. A minimum of 200 sperm from 5 different fields was assessed. Sperm motility parameters were determined at 378C, using a 103 negative-phase contrast objective on the CASA microscope and transmitted through a monochrome video camera (U-CMAD3 model camera: Olympus Corp.).
The proportion of live sperm with intact acrosomes (plasma and acrosome membranes intact) was evaluated using EasyCyte Plus flow cytometer (IMV Technologies). A mixture of propidium iodide (PI) plus peanut (Arachis hypogaea) agglutinin coupled to fluorescein isothiocyanate (PNA-FITC) was used as probe to identify plasma membrane and acrosome membrane integrity, respectively [34] . Fresh probe mixture was prepared prior to use. The PI (2.4 mM) and PNA-FITC (1 mg/ml) were diluted (1:10 and 1:5) in PBS at 378C and combined. After adjusting sample concentration to 50 3 10 6 sperm/ml with PBS, samples were stained for flow cytometric analysis by transferring aliquots of 2 ll of sperm into a 96-well plate containing 148 ll of PBS and 50 ll of the PI plus PNA-FITC mixture. Samples were incubated for 10 min at 38.58C before flow cytometric analysis.
Quantification of Sperm Cholesterol
Lipids were extracted from sperm by using the Folch method [35] , adapted for goat. Briefly, a 200-ll aliquot of 50 3 10 6 sperm/ml was vortexed at room temperature with 8 ml of Folch reagent (chloroform:methanol [2:1, v:v]) for 5 min, then 1.5 ml of distilled water was added, and the sample mixture was vortexed again for 5 min. The sample was centrifuged at 500 3 g for 15 min at 48C, and the bottom organic layer containing lipids was reserved while the upper layer was re-extracted by vortexing for 5 min with 8.6 ml of chloroform, 1.4 ml of methanol, and 1 ml of distilled water and then centrifuged at 500 3 g for 15 min at 48C. The bottom organic layers resulting from centrifugation were pooled and evaporated under nitrogen flow. During drying of the organic layers, 0.2 mg/ml cholesterol in Folch reagent was prepared to make a cholesterol standard curve from 0 to 100 nmol cholesterol/tube in seven tubes after evaporation under nitrogen flow. Each sample of dried material was SALMON ET AL. dissolved in Liebermann-Burchard reagent (300 ll of chloroform, 200 ll of acetic anhydride, and 10 ll of H 2 SO 4 ) before incubating in the dark for 20 min at room temperature [36] . Sperm cholesterol content was accessed by spectrophotometry at 650 nm.
Labeling of Membrane Cholesterol with Filipin III
Sperm membrane cholesterol was fluorescently labeled using filipin III according to the manufacturer's instructions. Briefly, filipin III was solubilized in a 1:4 solution of dimethyl sulfoxide:PBS (pH 7.2) and then incubated with the sperm sample for 30 min in the dark at a final concentration of 50 3 10 6 sperm/ml. A 10-ll sample was observed by confocal microscopy (C1 Eclipse TE 2000-E; Nikon) at 360 magnification (plan apochromatic 603 objective/ 1.20). Filipin III fluorescence was observed at 405 nm (excitation at 340-380 nm). The same exposure time (0.5 sec) was used for each sample. The fluorescence level of the untreated control was arbitrarily designated 1, and other treatments were quantified based on control levels. ImageJ software (U.S. National Institutes of Health; http://imagej.nih.gov/ij/, 1997-2015) was used to evaluate differences in filipin III fluorescence intensity among treatments [37] .
Cold Shock Assay
Fresh semen was diluted in PBS (pH 7.4, 280 mOsm) at 500 3 10 6 sperm/ ml treated with 0, 1, 3, and 6 mg/ml CLC. After 15 min of incubation at room temperature, each sample was split into two fractions. The first fraction was kept at room temperature while the second fraction was immersed in ice water (08C) for 20 min. Samples were removed from the ice water and diluted 1/10 in PBS at room temperature to evaluate sperm quality (percentage of motile sperm and percentage of live sperm with intact acrosomes) as described above.
Osmotic Tolerance Assay
This assay protocol was modified [38, 39] . Fresh semen was diluted to 500 3 10 6 sperm/ml in PBS (pH 7.4, 280 mOsm) or skim milk-based extender 6 (with or without) 3 mg/ml CLC at room temperature for 15 min. The osmotic tolerance of the sperm was then determined by diluting sperm in PBS of different osmolalities (50, 100, 160, 220, 280, 340, 400, 500, 600, and 800 mOsm), obtained by adjusting the concentration of NaCl. A 100-ll aliquot of sperm sample was added to 900 ll of each of the 10 anisosmotic solutions, yielding final sperm concentrations of 50 3 10 6 sperm/ml. Sperm were incubated in anisosmotic solutions for 20 min at 238C and then centrifuged at 500 3 g for 5 min. Supernatants were discarded, and the resulting sperm were diluted with 900 ll of isotonic PBS (280 mOsm). Sperm quality (percentages of motile sperm and live sperm with intact acrosomes) was then evaluated as described above.
In Vitro Capacitation
Sperm were incubated in either a noncapacitating medium (NCM) or capacitating medium (CM) according the procedure developed by Tardif et al. [40] , adjusted for goat sperm. In summary, NCM consisting of 113.1 mM NaCl, 4.78 mM KCl, 5.56 mM D-glucose, 1.19 mM K 2 HPO 4 , 0.5 mM sodium pyruvate, 21.58 mM sodium lactate, and 1.29 mM MgSO 4 , pH 7.4 (adjusted using NaOH) and 290 mOsm. Complete CM was NCM supplemented with 5 mM CaCl 2 , 25 mM NaHCO 3 , 7 mg/ml bovine serum albumin, 10 lg/ml heparin, and NaCl with concentration reduced to 94.6 mM to adjust osmolality to 290 mOsm, pH 7.4. To induce capacitation in vitro, aliquots of 50 3 10 6 sperm/ml were incubated for up to 6 h at 38.58C in a humidified incubator with 5% CO 2 in air for CM conditions, and under NCM conditions, tubes were kept closed.
Extraction of Sperm Proteins
During incubation in NCM or CM, sperm aliquots corresponding to 50 3 10 6 sperm were taken at 0, 3, and 6 h. Sodium orthovanadate (0.2 mM) was added to inhibit protein tyrosine phosphatases, and aliquots were centrifuged for 4 min at 13 000 3 g. Supernatant was removed, and the sperm pellet was resuspended in sample buffer twice (4% SDS, 20% glycerol, 120 mM TrisHCl, 0.02% bromophenol blue, pH 6.8) without b-mercaptoethanol and boiled for 5 min at 958C. The sperm sample was vortexed for 5 sec and then centrifuged for 4 min at 13 000 3 g. The resulting supernatant was mixed with 5% (v/v) b-mercaptoethanol and stored at À208C until SDS-PAGE [40] .
SDS-PAGE and Immunoblotting
To visualize proteins with phosphorylated tyrosine residues, a volume of sperm protein extract corresponding to equal numbers of sperm cells in each sample (5 3 10 6 cells) was heated for 2 min at 958C before being loaded onto 5%-to 15%-gradient (w/v) SDS-polyacrylamide gels [41] and electrotransferred to a polyvinylidene fluoride (PVDF) membrane. Nonspecific binding sites on the membrane were blocked for 1 h with 5% (w/v) skim milk powder in Tris-buffered saline with Tween 20 (TBS-T; 0.9% NaCl, 20 mM Tris-HCl, 0.1% Tween 20, pH 7.8) [42] . The PVDF membrane was incubated overnight at 48C with mouse anti-phosphotyrosine IgG (clone 4G10; 1:10 000 dilution; Invitrogen). The membrane was washed in TBS-T, and goat antimouse alkaline phosphatase-conjugated IgG (1:10 000 dilution) was added for 1 h at room temperature. The membrane was extensively washed, and positive immunoreactive bands were detected using enhanced chemiluminescence (BioRad Laboratories Inc.), using the Fusion FX7 unit (MBI Lab Equipment) system according to the manufacturer's instructions. The Gel Doc XR System (Bio-Rad) controlled by Image Lab and Analysis Software was used to quantify changes in tyrosine-phosphorylated protein according to the manufacturer's instructions.
Chlortetracycline Fluorescence Assay
The chlortetracycline (CTC) fluorescence assay was used to estimate the physiological status of the sperm [43] . The CTC solution (750 lM) was prepared daily in a buffer containing 20 mM Tris, 130 mM NaCl, and 5 lM cysteine (pH 7.8; kept on ice, shielded from light). Ten microliters of the CTC solution was mixed with a sperm sample of equal volume, and 12.5% glutaraldehyde in 1 M Tris buffer (pH 7.8) was added to a final concentration of 0.1% glutaraldehyde. Glutaraldehyde was used to stabilize the fluorescence pattern by fixation of proteins. Ten microliters of CTC-sperm mixture was placed on a slide and stored in the dark at 48C overnight. CTC fluorescence patterns were evaluated using an Optiphot-2 microscope (Nikon) under epifluorescence illumination, using a BV filter. At least 200 spermatozoa/slide were scored, and no fluorescence was observed when CTC was omitted from the preparation. Three sperm patterns were estimated [44, 45] : pattern F, (noncapacitated sperm) corresponding to an even distribution of fluorescence on the sperm head, with or without a bright equatorial band; pattern B, (capacitated sperm) with fluorescence in the anterior portion of the head; and pattern AR (acrosome-reacted sperm) with no or very weak fluorescence over the head.
Induction of Acrosomal Exocytosis
Acrosomal exocytosis was induced by addition of calcium ionophore A23187 (10 lM) for 1 h to sperm aliquots incubated in CM for 3 and 6 h. The rate of acrosomal exocytosis induced in sperm was determined by flow cytometry using a combination of PI and PNA-FITC probes as described above.
Artificial Insemination
To assess the effect of enhancing sperm cholesterol content prior to freezing on fertility in vivo, 40 females were inseminated with semen from 4 different bucks 63 mg/ml CLC (6 corresponding to with or without) prior to freezing in skim milk-based extender (n ¼ 20 female goats per treatment). One ejaculate from each of the four bucks was divided, treated with or without CLC, and cryopreserved as described above in the skim milk-based extender. Females were randomly assigned to either a control group or a CLC treatment group. For estrus synchronization, each female received exogenous progesterone using an intravaginal controlled internal drug release (CIDR; Eazi-Breed; Pfizer) device to simulate a luteal phase. After 11 days of progesterone treatment, CIDR was removed. Two days before CIDR removal, goats received intramuscular injections of 400 IU of equine chorionic gonadotropin (Folligon; Intervet) and 0.2 ml of cloprostenol (Estrumate; Intervet) at 250 lg/ml. Heat was confirmed using aproned bucks 20 and 32 h after CIDR removal [46] . Only goats testing positive to the heat check test were subjected to cervical insemination with frozen semen. Each buck was used to inseminate 10 females (5 using semen treated with CLC and 5 using control semen).
Statistical Analyses
All analyses were performed using a mixed-model ANOVA with SAS software (SAS Institute) [47] , where buck, treatment, and interaction between buck and treatment were fixed factors. Variations in sperm motility and proportion of live sperm with intact acrosomes were evaluated using a mixedmodel ANOVA for repeated measures [47] . Differences between treatments for cryopreserved/thawed sperm were estimated using the model that included EXOGENOUS CHOLESTEROL IMPROVES SPERM FUNCTION buck, time, treatment, all two-way interactions, and interaction between buck, time, and treatment. For capacitation and acrosomal exocytosis tests, the model included buck, medium (CM or NCM), time, treatment, all two-way interactions, and the interaction between medium, time, and treatment.
The kidding rate after artificial insemination (AI; defined as the number of kids born alive per female inseminated) was analyzed with the generalized linear mixed-model (GLIMMIX), using a binomial score (1 or 0) and the link function of logit. The model included treatment, buck, and interaction between buck and treatment as fixed factors. No interactions were significant (P . 0.2), however, so they were removed from the model. The proliferation (number of kids/female) after AI was also analyzed with GLIMMIX, using a multinomial link function of CUMLOGIT. The model included treatment, buck, and interaction between buck and treatment as fixed factors. No interactions were significant (P . 0.8), however, so they were removed from the model.
When the ANOVA was significant (P , 0.05), Turkey-Kramer multiple comparison test with the confidence level of 0.1 for kidding rate and 0.05 for other tests was selected for average comparison. All data are means 6 SEM.
RESULTS

CLC Augments Goat Sperm Cholesterol Content Before and After Freezing
To determine whether CLC increased the cholesterol content in goat sperm, the fresh semen in PBS treated with 3 mg/ml CLC (corresponding to 150 lg/ml cholesterol) and controls (untreated sperm, 3 mg/ml methyl b-cyclodextrin alone, and 150 lg/ml cholesterol alone) were subjected to whole-sperm cholesterol quantification. In accordance with our hypothesis, the cholesterol content of sperm treated with CLC was 3-fold higher than that of controls (P , 0.05; n ¼ 4) ( Table  1) . For visual confirmation, filipin III fluorescence showed 2-fold more cholesterol associated with sperm membranes treated with CLC than that of controls, which were arbitrarily designated 1. These results indicated incorporation of exogenous cholesterol in the sperm via methyl b-cyclodextrin. When 3 mg/ml methyl b-cyclodextrin alone was incubated with sperm, filipin III fluorescence revealed a 30% reduction of sperm cholesterol from the membrane, and cholesterol alone incubated with sperm did not change the sperm cholesterol content.
The cholesterol level was also higher in sperm diluted in skim milk-based extender treated with 3 mg/ml CLC before freezing (P , 0.05; n ¼ 4) (Fig. 1a) . After thawing, the sperm cholesterol fell dramatically, even in the presence of CLC, and likely explains the mechanism of cryocapacitation. Nonetheless, CLC treatment maintained a cholesterol level in sperm CLC treatment increased goat sperm cholesterol content compared to that in controls. a,b Significant differences due to treatment (P , 0.05; n ¼ 4).
FIG. 1.
Cholesterol content of sperm in skim milk-based extender with or without CLC (3 mg/ml [corresponding to 150 lg/ml cholesterol]), CL (3 mg/ml methyl b-cyclodextrin), and C (150 lg/ml cholesterol) before freezing and after thawing. a) Sperm cholesterol levels increased in the presence of CLC in skim milk-based extender before freezing. Cryopreservation dramatically depleted sperm of cholesterol, even in the presence of CLC. However, CLC treatment maintained a normal (prefreeze) cholesterol level in the sperm after thawing. Treatment with CL or C alone does not influence sperm cholesterol levels either before or after freezing. b) Labeling of membrane cholesterol in sperm diluted in skim milk-based extender with filipin III (Filipin) revealed higher levels in the presence of CLC before freezing and after thawing. To quantify filipin III fluorescence by using confocal microscopy, untreated control sperm membrane intensity was designated 1, and other treatments were quantified based on control levels. Letters a, b, and A, B indicate significant differences due to treatment before and after freezing, respectively (P , 0.05; n ¼ 4). ns ¼ no significant difference between unfrozen control and postthaw CLC levels (P . 0.05; n ¼ 4).
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after thawing similar to the levels in control sperm prior to cryopreservation (P . 0.05; n ¼ 4). Labeling of cholesterol with filipin III provided visual confirmation and additional quantification of enhanced cholesterol on sperm membranes due to CLC and cholesterol depletion after thawing (Fig. 1b) .
CLC Increases Cold Shock Resistance of Fresh Goat Sperm
To test whether CLC treatment protected sperm motility and membrane integrity in cold temperatures, fresh semen was treated 63 mg/ml CLC and cold shocked. After cold shock, the proportions of motile and live sperm with intact acrosomes were 2-fold higher than that in controls (P , 0.05; n ¼ 4) (Fig.  2) . This beneficial effect of CLC on sperm cold resistance was apparent for all three CLC concentrations tested (1, 3, and 6 mg/ml).
CLC Extends Osmotic Tolerance of Fresh Goat Sperm
To test whether cholesterol protected sperm quality during osmotic stress, fresh semen was treated 63 mg/ml CLC in PBS or skim milk-based extender and incubated in solutions of different osmolality. In PBS, the percentages of motile sperm were higher for samples treated with 3 mg/ml CLC when cells were exposed to 50, 100, and 600 mOsm than for control samples (P , 0.05; n ¼ 7) (Fig. 3a) . In addition, the proportions of live sperm with intact acrosomes were higher for samples treated with 3 mg/ml CLC at 400, 500, 600, and 800 mOsm compared to controls (P , 0.05; n ¼ 7) (Fig. 3b) . When fresh semen was diluted in skim milk-based extender and treated 63 mg/ml CLC prior to incubation in solutions of different osmolality, the beneficial effect of CLC was less pronounced than previously, perhaps because the milk proteins sequestered some of the cholesterol. Nonetheless, the percentage of motile sperm was higher for samples treated with CLC when cells were exposed to the 50-m0sm solution (P , 0.05; n ¼ 5) (Fig. 3c) , and the proportion of live sperm with intact acrosomes was higher for samples treated with CLC at 100, 160, and 800 mOsm solution than for controls (P , 0.05; n ¼ 5) (Fig. 3d) . These results indicate enhanced sperm membrane elasticity due to CLC treatment.
CLC Improves Sperm Quality After Cryopreservation
Fresh semen was diluted in skim milk-based extender and treated 63 mg/ml CLC prior to freezing. Both control and treated sperm were less motile after cryopreservation (P , 0.05; n ¼ 18) (Fig. 4a) . After thawing, however, the percentage of motile sperm was higher at 90 min due to the CLC treatment (P , 0.05; n ¼ 18) (Fig. 4a) . Interestingly, the proportion of live sperm with intact acrosomes was two-fold greater when semen was treated with 3 mg/ml CLC prior to freezing than in controls (P , 0.001; n ¼ 18) (Fig. 4b) .
Capacitation Medium Primes Fresh Goat Sperm for Acrosomal Exocytosis
As shown in Figure 5a , CTC fluorescence assay demonstrated that the proportion of pattern B sperm increased during incubation in CM for 3 and 6 h compared to the sperm in NCM (P , 0.05; n ¼ 5) (Fig. 5a ). This observation was confirmed by the tyrosine phosphorylation signal of an 18-kDa sperm protein (P18), which increased after 3 and 6 h of sperm incubation in CM but not in NCM (P , 0.05; n ¼ 5) (Fig. 5b) . Acrosomal exocytosis of capacitated sperm was induced by 10 lM A23187 (P , 0.05; n ¼ 5) (Fig. 5c ). These data confirm that the incubation in CM can induce capacitation of fresh goat sperm and that acrosomal exocytosis can be induced by 10 lM of A23187 after 3 h of sperm incubation in CM.
Increasing Cholesterol in Fresh Goat Sperm Diluted in PBS Impedes Capacitation and Acrosomal Exocytosis
Capacitation is initiated by an efflux of cholesterol sperm membrane [24] . The effect of exogenous cholesterol supplementation on the ability of fresh goat sperm to undergo capacitation was evaluated during incubation in PBS 63 mg/ ml CLC. After incubation for 3 and 6 h in CM, the percentage of pattern B, according to the CTC fluorescence, was reduced for CLC treated sperm (P , 0.05; n ¼ 4) (Fig. 6a) . The tyrosine phosphorylation signal of P18 was also decreased after treatment with 3 mg/ml CLC, corresponding to a delay of sperm capacitation (P , 0.05; n ¼ 4) (Fig. 6b) . Similarly, after induction of acrosomal exocytosis with 10 lM A23187, the proportion of live sperm with intact acrosomes was higher for CLC-treated sperm versus controls confirming that capacitation of fresh sperm is impeded by CLC treatment in PBS (P , 0.05; n ¼ 4) (Fig. 6c) .
In Skim Milk-Based Extender, CLC Treatment Does Not Affect Capacitation and Acrosomal Exocytosis in Fresh Sperm
As a modification of the previous experiment, fresh semen was diluted in skim milk-based extender (instead of PBS) and treated 63 mg/ml CLC prior to cryopreservation. Incubation of the skim milk-extended sperm plus CLC in CM did not alter the proportion of pattern B cells compared to that in controls (P , 0.001; n ¼ 4) (Fig. 7a) . Additionally, CLC treatment of the skim milk-extended sperm did not impede the appearance of the tyrosine phosphorylation signal of P18 (P , 0.001; n ¼ 4) (Fig. 7b) ; similarly, the A23187-induced acrosomal exocytosis was not affected by treatment with 3 mg/ml CLC in skim milkbased extender (P , 0.001; n ¼ 4) (Fig. 7c) . Furthermore, for semen without CLC at 3 h after thawing, the proportion of pattern B sperm increased, even in NCM, in accordance with the cryocapacitation phenomenon (P , 0.05; n ¼ 4) (Fig. 7d ) [5] . In contrast, CLC treatment reduced the proportion of 
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pattern B sperm in NCM, effectively preventing cryocapacitation. The CLC treatment also reduced the appearance of protein tyrosine P18 without preventing its normal signal in CM (P , 0.05; n ¼ 4) (Fig. 7e) . Directly after thawing, a higher proportion of sperm treated with 3 mg/ml CLC survived cryopreservation and were available to undergo acrosomal exocytosis than untreated controls (P , 0.05; n ¼ 4) (Fig 7f) . Moreover, CLC treatment did not alter the capacitation process of thawed sperm due to their similar responses to A23187. Clearly, CLC treatment of sperm cryopreserved in skim milkbased extender protects against undesirable cryocapacitation yet permits capacitation and acrosomal exocytosis in vitro.
CLC Treatment and In Vivo Fertility Using Cryopreserved Semen
The in vivo fertility of cryopreserved sperm in skim milkbased extender treated 63 mg/ml CLC was established by artificial insemination of 20 females per treatment, and the fertility rate of each buck was evaluated individually. The cholesterol quantification of an aliquot of sperm used for AI revealed an increase in cholesterol content in sperm treated with CLC, except for those of buck D, which, unlike the other bucks, had a higher proportion of pattern B after thawing according to CTC fluorescence assay ( Table 2 ). The differences in buck D's sperm values also were reflected in the   FIG. 3 . Impact of CLC supplementation on osmotic resistance of sperm. Fresh semen in PBS or skim milk-based extender was treated with or without 3 mg/ml CLC and incubated in solutions of different osmolality for 20 min. a) More sperm treated with CLC were motile at 50, 100, and 600 mOsm than untreated sperm (P , 0.05; n ¼ 7). b) Sperm membranes were also protected in the presence of CLC at 400, 500, 600, and 800 mOsm (P , 0.05; n ¼ 7). c) In skim milk-based extender, CLC treatment enhanced the percentage of motile sperm only at 50 mOsm (P , 0.05; n ¼ 5). d) The proportion of live sperm with intact acrosomes was higher (P , 0.05; n ¼ 5) for samples treated with CLC at 100, 160, and 800 mOsm than that in controls. *Significant differences due to treatment.
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kidding and proliferation rates, which differed from those of the other 3 bucks. In the latter 3 bucks, CLC treatment increased the kidding (P , 0.1; n ¼ 3) (Fig. 8a ) and the proliferation (P , 0.05; n ¼ 3) (Fig. 8b ) rate of sperm that incorporated cholesterol.
DISCUSSION
It has been shown that CLC treatment enhances sperm viability after cryopreservation in several species [16, 18-20, 39, 48-54] ; however, the present study provides new insight regarding the mechanisms by which it protects sperm. In support of our hypothesis, we show that CLC treatment increases goat sperm cholesterol content to improve their tolerance to cold shock and osmotic stress. This exogenous cholesterol incorporated into the sperm via cyclodextrin prior to freezing in skim milk-based extender does not affect the ability to undergo in vitro capacitation and helps to reduce cryocapacitation by maintaining a normal cholesterol level after thawing. Moreover, we were able to demonstrate that although CLC treatment does not increase the sperm   FIG. 4 . Supplementation with CLC improves sperm quality after cryopreservation in skim milk-based extender. Goat semen was diluted in skim milkbased extender with or without 3 mg/ml CLC and then cryopreserved. a) Sperm motility decreased in semen with or without CLC (P , 0.01; n ¼ 18); however, CLC treatment increased sperm motility after thawing until 1 h 30 min post thaw (P , 0.05; n ¼ 18). b) The proportion of live sperm with intact acrosomes was doubled after thawing when extended semen was treated with CLC compared to that in controls (P , 0.001; n ¼ 18). *Significant differences due to treatment (P , 0.05; n ¼ 18).
FIG. 5.
Confirmation that fresh goat sperm undergo capacitation and A23187-induced acrosomal exocytosis during incubation in CM. a) Sperm were incubated in NCM or CM for up to 3 and 6 h to induce capacitation as detected by the proportion of CTC, pattern B. b) The relative tyrosine phosphorylation signal of an 18-kDa sperm protein (P18) increased after 3 and 6 h of sperm incubation in CM but not in NCM (P , 0.05; n ¼ 5). c) The ability to undergo A23187-induced acrosome reaction is shown. CM permitted buck sperm capacitation as demonstrated by the higher rate of pattern B sperm and enhanced P18 tyrosine phosphorylation over time (P , 0.05; n ¼ 5). Capacitated sperm incubated for 1 h with 10 lM of A23187 induced acrosome exocytosis (P , 0.05; n ¼ 5). Letters a and b and * indicate significant differences among treatments at each time point (P , 0.05; n ¼ 5).
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cholesterol content in every animal, those that did incorporate exogenous cholesterol demonstrated higher fertility (P , 0.10) and proliferation (P , 0.05) in vivo. This observation suggests the sperm cholesterol level post-CLC could be used as a predictor of fertility in vivo in the goat, although this hypothesis needs to be tested on a larger scale.
Cholesterol-Loaded Cyclodextrin Enhances Goat Sperm Cholesterol Content
In this study, fresh semen was treated with 3 mg/ml CLC (corresponding to 150 lg/ml cholesterol), and cholesterol incorporation was confirmed using two approaches, quantification in whole sperm and use of fluorescence-labeling on sperm membranes. The whole-sperm cholesterol content was 3-fold higher when samples were treated with CLC than the controls, suggesting affinity of cholesterol to the goat sperm. CLC treatment has also been demonstrated to increase sperm cholesterol 2-to 3-fold in sperm from bull [16] and stallion [51] . The exact mechanism by which cholesterol is incorporated into sperm membranes is not known, although it has been demonstrated that b-cyclodextrins readily extract cholesterol from the membrane composed of high cholesterol:phospholipids (C:P) ratios [55, 56] . We suggest that in membranes with low C:P ratios, exogenous cholesterol has a strong affinity for the membrane. Methyl b-cyclodextrin solubilizes exogenous cholesterol in the medium, presumably facilitating its incorporation following the concentration gradient. The membrane enrichment of cholesterol into goat sperm was confirmed by quantification of filipin III, which is a specific cholesterol membrane fluorescent indicator. Filipin III has previously been used to label cholesterol of rabbit [57] and boar [58] sperm membranes. Here, we quantify the relative fluorescence to show that the Filipin signal declines when sperm are treated with methyl b-cyclodextrin alone, which highlights the ability of cyclodextrins to remove cholesterol from the membrane.
Exogenous Cholesterol Delivered by Methyl b-Cyclodextrin Improves Sperm Resistance to Cold Shock and Osmotic Stress
During cryopreservation, sperm are subjected to dramatic temperature and osmotic shifts, and these cellular stresses are thought to be responsible for the membrane dysfunction that is commonly observed after thawing [7] . We show that after cold shock, goat sperm treated with CLC to increase their membrane cholesterol levels are more motile and have more intact membranes compared to untreated controls. These data parallel the finding that boar sperm are also more resistant to cold shock when treated with 2 hydroxypropyl b-cyclodextrin coupled with cholesterol [59] . It is known that high cholesterol renders the membrane more fluid at low temperatures and decreases its sensitivity to chilling injury [11, 60] . Human sperm are quite resistant to cold shock, and an abrupt lipid phase transition was not detected due to their unusually high cholesterol proportion [14] . In our study, goat sperm treated with 3 mg/ml CLC demonstrated a 3-fold increase in cholesterol content. This cholesterol enhancement in sperm appears to improve the regulation of membrane fluidity during the cold shock and is, therefore, partly responsible for the increased resistance to cold shock.
During freezing, sperm are exposed to severe osmotic stress. Extracellular ice forms during the freezing process, which increases the solute concentration in the unfrozen fraction of the extracellular medium. This causes movement of water out of the cell in order to retain equilibrium between the intra-and extracellular solute concentrations, which results in sperm dehydration. During thawing, the reverse process takes place [61] , and sperm are exposed to hypotonic conditions, during which the sperm swells due to water uptake. These mechanical stresses on sperm membranes contribute to subsequent membrane dysfunction. In our study, fresh semen was treated 63 mg/ml CLC and exposed to a wide range of osmolalities. FIG. 6 . Effect of CLC on the ability of fresh sperm incubated in NCM or CM to undergo capacitation and acrosomal exocytosis. a) The proportion of pattern B sperm was reduced due to the inclusion of 3 mg/ml CLC (P , 0.05; n ¼ 4). b) Protein tyrosine P18 phosphorylation signal also confirmed this observation. The P18 phosphorylation signal was delayed in the presence of 3 mg/ml CLC (P , 0.05; n ¼ 4). c) When acrosomal exocytosis was induced with 10 lM A23187 for 1 h, the proportion of reacted sperm was significantly lower for treated sperm with 3 mg/ml CLC than for untreated sperm (P , 0.05; n ¼ 4). Letters a and b and * indicate significant differences among treatments at each time point (P , 0.05; n ¼ 4).
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The addition of exogenous cholesterol to goat sperm increased their osmotic tolerance limits. Such a result has been observed in most species, including stallion [38] and rabbit sperm [62] , and other studies have demonstrated reduced water permeability during cooling of cholesterol-loaded bovine [63] and rainbow trout sperm [21] . We suggest that the cholesterol incorporated in sperm via methyl b-cyclodextrin reduces sperm membrane permeability to water, thereby moderating the degree of sperm dehydration and swelling during freezing and thawing, which consequently preserves membrane functions. However, it has also been demonstrated in stallion sperm that CLC increases membrane permeability to both cryoprotectants and water [38] . On the other hand, at subzero temperatures, the permeability parameters were similar for CLC treated and control in bull sperm [63] . FIG. 7 . Effect of CLC on ability of sperm to undergo capacitation and acrosomal exocytosis before and after freezing in skim milk-based extender. a) Under capacitation conditions, the proportion of pattern B sperm did not differ due to 3 mg/ml (P , 0.001; n ¼ 4). b) CLC treatment did not impede P18 tyrosine phosphorylation (P , 0.001; n ¼ 4). c) Acrosomal exocytosis was not affected when sperm were treated with or without CLC in skim milk-based extender (P , 0.001; n ¼ 4). d) After thawing, proportion of pattern B was enhanced in NCM according to sperm cryocapacitation. However, CLC helped to reduce the proportion of pattern B sperm in NCM after thawing (P , 0.05; n ¼ 4). e) CLC treatment also reduced the appearance of protein tyrosine P18 without preventing its normal signal in CM (P , 0.05; n ¼ 4). f) After thawing, a higher proportion of sperm treated with 3 mg/ml CLC could undergo acrosomal exocytosis than controls (P , 0.05; n ¼ 4). Letters a, b, and c and * indicate significant differences among treatments at each time point (P , 0.05; n ¼ 4). 
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Treating Goat Semen with CLC Prior to Freezing Improves Sperm Cryopreservation
An important aspect to effectively incorporate exogenous cholesterol into the sperm via methyl b-cyclodextrin is to coincubate CLC and sperm in lipid-free medium or prior to diluting with the extender as proposed by Purdy and Graham [16] . Preliminary experiments (not presented) indicated that CLC added to sperm in an egg yolk-based extender did not improve their cryosurvival, perhaps because cholesterol was transferred between the methyl b-cyclodextrin and the egg yolk lipid rather than to the sperm. Most studies evaluating the beneficial effect of CLC on sperm cryoresistance have been conducted using egg yolk-based extenders, during which they preincubate semen with CLC prior dilution in the extender. In this study, we chose skim milk-based extender which contains only ,0.1% lipids [31] and directly diluted the semen with or without the CLC in a single step.
Goat sperm treated with CLC in the milk-based diluent prior to cryopreservation were more motile than untreated sperm. Such similar results are observed in goat [19] , bull [16, 50] , sheep [20, 39] , boar [54] , and stallion sperm [51, 64] . Furthermore, our analysis confirm that the proportion of live sperm with intact acrosomes is two-fold higher due to the CLC treatment [65] . This beneficial effect of CLC on sperm quality after thawing is due to the exogenous cholesterol and not to cyclodextrin [19] .
To confirm that the beneficial effect of CLC on sperm cryoresistance was due to cholesterol enrichment, whole-sperm cholesterol was quantified before and after freezing. Before freezing, CLC treatment enhanced sperm cholesterol content as expected. Neither methyl b-cyclodextrin alone nor cholesterol alone altered sperm cholesterol content. After thawing, sperm cholesterol was dramatically depleted, even in the presence of CLC, and likely explains the mechanism of cryocapacitation [5, 66] . A loss of cholesterol has already been demonstrated in stallion [51] and ram sperm [39] , both in the presence and absence of CLC. Interestingly, we have shown for the first time that CLC treatment helps to maintain a normal, prefreeze cholesterol level in goat sperm after it has been thawed. In light of these results, we suggest that, by increasing sperm cholesterol using CLC, their membranes remain more fluid at low temperatures and less permeable to water during osmotic changes, thereby improving their tolerance to cryopreservation, resulting in less membrane damage and appropriate cholesterol levels.
Enhancing Sperm Cholesterol Content Prior to Freezing in Skim Milk-Based Extender Does Not Affect Capacitation and Acrosome Exocytosis after Thawing
To initiate capacitation, mammalian sperm must undergo cholesterol efflux from the plasma membrane leading to increased membrane fluidity, higher intracellular calcium, and activation of protein phosphorylation cascades, which prime them for acrosome exocytosis, which is necessary for fertilization [67, 68] . In this study, we also investigated how exogenous cholesterol supplementation in goat sperm membranes would affect capacitation in vivo.
When fresh sperm were incubated in CM, both the percentage of sperm displaying CTC pattern B (corresponding to capacitated sperm) [45] and the sperm protein tyrosine phosphorylation increased [40, 69] .
As expected, when goat semen was diluted in PBS and treated with 3 mg/ml CLC, prior to incubation in CM, sperm capacitation was delayed, as reflected by a low proportion of CTC pattern B sperm, protein tyrosine phosphorylation signal, and spontaneous acrosome exocytosis compared to that in untreated control (Fig. 6) . It is noteworthy that this is the first report to indicate increased tyrosine phosphorylation of sperm proteins during capacitation in goat, with an 18-kDa protein being most responsive. When PBS was replaced by skim milkbased extender, however, the proportion of capacitated sperm was restored to control levels (Fig. 7) . This difference is due to the amount of cholesterol incorporated in sperm under the two conditions. Semen treated with CLC has a 3-fold higher cholesterol content in PBS (Table 1 ) and a 0.5-fold higher content in skim milk-based extender (Fig. 1) than controls under each condition. We suggest that semen diluted in PBS incorporated too much cholesterol, delaying the cholesterol efflux from the sperm membrane to slow or block capacitation. Similarly, acrosomal exocytosis was inhibited in rabbit sperm (C:P ratio of 0.88) supplemented in cholesterol via bcyclodextrin [62] . Our experiment emphasizes the risks of overload cholesterol in sperm due to high concentration of CLC. We demonstrate here that, after sperm are thawed, they undergo a drastic loss of cholesterol that explains the cryocapacitation phenomenon, as demonstrated in stallion [51] and ram sperm [39] ; moreover, CLC restores a normal, prefreeze level of cholesterol (Fig. 1) . As proof, after thawing and in non-capacitation conditions, semen treated with CLC have a lower proportion of pattern B sperm, less intense tyrosine phosphorylation signal and higher proportion of live sperm with intact acrosomes than untreated semen (Fig. 7) . In capacitation medium, sperm capacitation and acrosomal exocytosis were induced in an apparently normal manner (Fig. 7) . These results suggested that cholesterol enrichment of goat sperm prior to freezing via methyl b-cyclodextrin protects sperm functionality after thawing and without impeding the steps necessary for fertilization [17, 54] .
Does Sperm CLC Treatment Enhance Pregnancy and Proliferation Rate?
Many studies have been conducted with the aim of increasing sperm cryoresistance in order to improve post-thaw fertility. Use of cholesterol-loaded cyclodextrins has enhance the survival of cryopreserved sperm in many mammalian species [70] . However, the beneficial effect of CLC on sperm fertility remains to be shown. Disappointingly, most studies, as in ours, have resulted in similar rates of fertility between the controls and the sperm treated with CLC, including stallion [23] and ram sperm [22] . Here, the effect of CLC treatment on sperm fertility was tested on 4 bucks for 20 goats per treatment (5 females inseminated per sperm treatment for each buck; 40 females in total). When we examined the gestation rate for each buck individually, only one buck was found not to support our hypothesis and had a lower gestation rate in his CLC-treated semen doses than his controls (Table 2) . Although, the CLCtreated sperm of that buck were more motile and more viable with intact acrosomes than the untreated control sperm, the cholesterol contents of treated and control sperm were not different and the proportion of CTC pattern B corresponding to CTC fluorescence was unusually higher in treated sperm. Therefore, it seems that semen, at least from this ejaculate from this buck, already has a high C:P ratio and resisted cryocapacitation without the need for CLC. It is tempting to speculate that the methyl b-cyclodextrin brought to the sperm by the CLC treatment cannot incorporate more cholesterol into the sperm membrane. Conversely, after being thawed, the bcyclodextrin might improperly increase or accelerate cholesterol removal from the sperm membrane to induce precocious capacitation and acrosomal exocytosis and then decrease fertility, however, further study is required to confirm this hypothesis. It is also possible that 3 mg CLC is not the optimal concentration for goat sperm cryopreservation and future research should be conducted to assess a range of CLC levels.
In support of our hypothesis, treatment of semen with 3 mg/ ml cholesterol-loaded cyclodextrin (corresponding to 150 lg/ ml cholesterol) enhanced goat sperm tolerance to cold shock and osmotic stress, thereby improving sperm cryoresistance without affecting capacitation and acrosomal exocytosis. Artificial insemination should be repeated with larger numbers of animals and sooner after the heat synchronization protocol to confirm the positive impact of CLC on sperm fertility in vivo.
